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A technique for evaluating the topography of a cornea (140) is disclosed/ which utilizes a virtual image of a keratoscope pattern. The 
disclosed topography system includes a structured light source (1 10) to create the keratoscope pattern (5) Or another diagnostic pattern, an 
optical assembly (130) to focus th^ behind the cornea (140), and for capturing the image reflected off the patient's eye 

and directing the reflected image toward in imaging system (150, 195) for processing Light emitted by the light source (1 10) is preferably 
not in the visible range to minimize discomfort to the patient. Since the topography is evaluated with a projected virtual image, there is no 
nose or brow shadow, thereby allowing better corneal coverage. The optical system includes an aperture stop (190) which is approximating 
the center of a normal cornea (140); thus, wide angle capture is achieved as reflected rays reaching the imaging system ( 150, 195) appear 
as if they originated at the center of the cornea (140). A pupil detection mechanism is disclosed which is performed independently of the 
diagnostic pattern illumination, thereby facilitating pupil detection. In an alternative embodiment, the diagnostic pattern is generated using 
a variable light pattern generator, which provides diagnostic abilities. The disclosed topography system may be reconfigured to serve as a 
visual field measuring device, or a perimeter. 
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METHOD AND APPARATUS FOR MEASURING 
PROPERTIES OF THE EYE USING A VIRTUAL IMAGE 

CROSS-RE FERF.NCE TO RRT.ATED APPT.Tf!ATTf>M 

This is a continuation-in-part of U.S. Patent Application No 
08/695,616, filed August 12, 1996, entitled "Method and Apparatus 
For Measuring Properties of The Eye Using A Virtual Image," which 
is incorporated herein by reference. 

FI ELD OF THR : T N VF.NT TOM 

The present invention relates to a device for evaluating the 
curvature or shape of the cornea of the eye, and more particularly 
_ to a corneal measurement device that assists with pre-operative or 
15 post-operative measurements of the cornea, with contact lens 
fitting and with the diagnosis of diseases of the cornea , 

BACKGROUND OF THF. TNVF.NTTON 
oa The cornea, being the front surface of the eye, provides its 

20 major refracting surface and is important to quality vision. 
Recently, a number of corneal surgical techniques have been 
developed for correcting visual deficiencies, such as near- 
sightedness, far-sightedness and astigmatism. In order to assist 
with such surgical techniques, a number of devices have been 
proposed or developed to evaluate the topography, i.e., the shape 
or curvature, of the cornea. In addition, such corneal topography 
■;\- techniques are . useful for fitting contact lenses and for the 
diagnosis and management of corneal pathologic conditions , such as 
- keratoconus and other ectasias. For example, prior to performing 
30 a corneal surgical technique to correct a refractive error, the 
P a !i«nt^ preferably screened using a corneal topography device 
to rule out the possibility of subclinical ke^ 

Corneal topography is typically measured using a series of 
35 concentric lighted rings, known as a keratoscope pattern 5, shown 
:•.;:•,>.:,•.;•: ^n :FIGv 1 . ;; : ' :/:In ; ,/.one > typical embodiment , shown in FIG . : 2, 
keratoscope pattern 5 is created by a keratoscope target 10, 
consisting of illuminated concentric rings which emit light rays 
which are projected onto the cornea of a patient ' s eye 15 . Light 
40 rays 12, 20 are reflected off patient's cornea 15, and a portion 
of light ray 20 is captured by an objective lens 25 and focused 
onto an imaging system 30, such as a video camera. A computer 35 
is utilized to compare the image captured on imaging system 30 with 
a stored reference pattern, or other known information, to identify 
45 any distortions in the captured image and thus calculate any 
deformations in the patient ' s cornea . 

While conventional corneal topography devices have achieved 
cn significant success, such devices suffer from a number of 
50 limitations, which, if overcome, could significantly enhance their 
accuracy and utility. m particular, earlier designs for 
topography devices have incorporated large keratoscope: targets, 
causing the overall size of the prior art devices to be quite 
large. In an operating room or a doctor's office, however, where 
55 space is at a premium, it is desirable to minimize the overall size 
of the topography device. 
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In addition, commercially available topography devices, such 
as the design illustrated in FIG. 2, typically measure the 
topography of only a relatively small area of the cornea. For 
example, in the design shown in FIG. 2, the light beam is emitted 
5 from a large, flat, backlit keratoseope target 10 and is then 
re ^ eGte ^ off cornea 15. Thereafter, a portion of light 20 
reflected off cornea IS is focused by small objective lens 25 at 
the center of keratoseope target 10 onto imaging system 30, such 
a§ a K CCC) v ^ iP '- Additional light rays 12 reflected from the 
10 peripheral portions of cornea 15, however, are not captured bv 
ob 3 ective lens 25 and are therefore not imaged onto imaging system 
30. ^Therefore, such prior art devices are unable to measure the 
peripheral cornea. 

15 To overcome this problem, prior art devices have attempted to 

i i i 1 i ght ^ ays re , flected from the peripheral portions of 
• c ?f nea , 15 by designing a keratoseope target 10' in the shape of a 

cylinder or cone, as shown in FIG. 3, encompassing the peripheral 
_ cornea in this manner, light rays emitted by cylindrical or 
20 conical keratoseope target 10* will form a pattern 5 of illuminated 

rings which will be reflected off cornea 15. The reflected light 
^%^BW^W^0^:^S(Pim^y^ reflected off the peripheral portions 

of cornea 15, will be captured by objective lens 25 and imaged onto 

imaging system 30. To be effective, however, cylindrical or 
25 conical keratoseope target 10' must be positioned very close to the 

eye, and thereby tends to impinge on the patient's brow and nose. 

in addition to being potentially uncomfortable and potentially 

contributing to the spread of disease, the close approach of 
^ ft keraps cope targe t 1 0^ ma kes the ; : design very er f o f ^prdne , as a 
30 slight error in alignment or focusing causes a large percentage 

change in the position of the keratoseope rings relative to the 

eye . . 



35 



. , ; In : addition, current systems tend to provide poor pupil 
detection and do not accurately measure non-rotationally symmetric 
corneas, such as those with astigmatism. • the Ideation of the pupil 
is particularly important in planning surgical procedures for 
correcting visual deficiencies. In current systems, pupils are 
typically detected by deciphering the border of the pupil from the 
40 image of the keratoseope rings. This is particularly difficult 
with conventional designs, however, as the intensity transition 
from the black pupil to a dark iris is minimal compared to the 
intensity transition from a bright keratoseope ring image to a dark 
. interring spacing. As a result, the pupil detection, algorithms in 
45 current systems often fail. 

..■ Furthermore, current systems have difficulty detecting the 
edges of the keratoseope rings and difficulty separating rinq 
images from background iris detail. Conventional corneal 
f W topography systems image the iris along with the keratoseope rings 
Particularly in patients having light-colored irises, however, the 
bright reflection from iris detail obscures the rings, thereby 
making detection of ring edges difficult. Finally, conventional 
devices utilize high intensity visible light to illuminate the 
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keratoscope target and therefore cause discomfort to the patient 
The high intensity light is required because relatively little 
light is actually reflected from the eornea and Captured by the 
measuring devices. 

As is apparent from the above discussion, a need exists for 
a more compact corneal topography device . Another need exists for 
a topography system that allows a large area of corneal coverage 
without the focusing problems and invasive approach of previous 
designs A further need exists for a system incorporating improved 
pupil detection by using an image that does not include the 
keratoscope rings. Yet another need exists for a topography device 
providing improved separation of the corneal reflection of the 
keratoscope pattern from the iris detail, A further need exists 
for a topography system utilizing light levels that are not 
unpleasant for the subject undergoing measurement. An additional 
need e * iSts a topography - device t ha t permits accurate 

measurement of non-rotationally symmetric corneas, such as those 
with, astigmatism. ' ■ 

Summary of th*> Tnvpnt-i on " 

j 3en ® rall y' according to aspects of the present invention, a 
method and apparatus for measuring the topography of the cornea are 
P r oyiaed,:V;The,jn^thb^ and apparatus utilize a virtual image of a 
keratoscope pattern or other diagnostic pattern, which is projected 
at a desired distance in front of the patient's eye. Since the 
topography is evaluated; with a ^rtual image, there is ho hose or 
br °" shadow, : allowing better coverage of the cornea atvd providinq 
a design which is relatively insensitive to focusing errors. 

In certain embodiments, however, it has been found preferable 
to. position the virtual image of the keratoscope pattern at some 
°ttier location . ^or example, a virtual image of the keratbscdije 
pattern may be formed just behind the cornea such that after beinq 
reflected from the surface of the cornea is re-imaged just in front 
?n 11 Jt lkBVX f e ' however, distortions in the cornea are observed 
in the reflected real image of the keratoscope pattern. 

: V , - The disclosed topography sysitem incl tides ' a structured liqht 
spyrce, preferably consisting of an illumination source and a beam 

S??^*.?- 9 System ' to Greate the keratoscope pattern or other 
desired diagnostic pattern . in order to minimize discomfort to the 
patient, light emitted by the illumination source is preferably not 
in the visible range. In addition, the illumination source is 
preferably monochromatic. 

k In accordance with an aspect of the present invention, the 
beam modulating System may be embodied as a photographic slide film 
SJUfi!!? 1 " 9 !-- 0 ! op ^ e markings on a transparent background, or a 
variable light pattern generator, such as an array of liquid 
crystal pixel^, or an array of light emitting diodes. In this 
manner, the beam modulating System can provide flexibility in 
selecting pattern images to achieve various diagnostic abilities 
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An optical assembly focuses the created pattern upon the 
cornea, and thereafter captures the image reflected off the 
patient's eye and directs the reflected image toward an imaqinq 
system, such as a CCD, for processing. According to a feature of 
5 the invention, the optical assembly preferably includes means for 
preventing scattered light reflected from the patient's iris from 
being imaged by the CCD. In one embodiment, a pair of polarizing 
filters having the same polarization attenuate the scattered liqht 
, n reflected from the patient's iris, thereby permitting a clean image 
10 of the keratoscope pattern, as reflected off the patient's cornea, 
on the CCD camera . 

According to a further feature of the invention, the optical 
system achieves wide angle capture by including an aperture stop 
15 which is preferably conjugate with a point behind the corneal 
surface approximating the center of curvature of a normal Cornea 
Thus, reflected rays reaching the imaging system appear as if they 
originated at the center of curvature of the cornea . 

20 The corneal topography device preferably includes a Centration 

illumination source and a focusing laser which are utilized to 
center and focus the corneal topography system relative to the 
patient ' s cornea. During the centration and focusing operation, 
. the structured light source used to generate the diagnostic pattern 

25 . Preferably, npt;:/ : illumiiiat«d ? : Thus , pUpil detection :: *is 

facilitated, since the pupil boundaries are not obscured by one or 
more rings of the keratoscope pattern. 

, In accordance with a further aspect of the invention, a method 
3:0 of; calibratilig the^C The 
method comprises the Steps of: positioning a calibration sphere 
approximating the Si2e of a cornea at a desited focal point; 
illuminating the : Calibratibn sphere with a diagnostic pattern; 
, c creating a first image on an imaging system of a reflection of the 
35 diagnostic pattern off the sphere; positioning a cursor on the 
imaging system at approximately the Center of the first image; 
creating a second image on the imaging system of a reflection of 
a centration illumination source off the sphere; adjusting the 
position of the centration illumination source so that the second 
40 image is approximately centered around the previously positioned 
cursor; and storing the first image as a reference image for 
calculating topographical information about an unknown Cornea . 

Yet another aspect of the invention allows the disclosed 
45 topography system to be reconfigured as a perimeter to evaluate a 
patient's field of vision. When configured as a perimeter, the 
structured light source is preferably embodied as a backlit liquid 
crystal array, a cathode ray tube or an array of light emitting 
diodes. To measure the patient's visual field, the patient 
50 °? ser Y es a virtual image of the pattern produced by the structured 
light source, which is projected at a distance in front of the 
patient's eye. In addition, ah infrared laser illuminates the 
patient s pupil with an infrared beam. A reflection of the 
infrared beam scattered off the patient's iris is imaged on the 
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CCD. 



sv.t-J^ ^K? 9 to. a further feature of the invention, the optical 
system includes means for attenuating light which is reflected off 
a Lit of nt * C ^ nea 1 durin 9 the visual field measurement such Is 
a pair of perpendicular polarizers positioned in the optical path 
The system monitors fixation by tracking the movement of the pSpil* 
using the scattered infrared image. When the center of the punii 
10 f^io^o^/^^^ th ^old, an alarm indicates ^ 

Br i ef Pepcriotion of t-h^ p r fl win ff ^ 

A more complete understanding of the present invention as 
well as further features anH^HuiwK^^, „ c A. . , . uon ' as 



15 oh^Hn n h . teatu "s and advantages of the invention, will be 
15 obtained by reference to the detailed description and drawings. 

pVi^ a keratoscope pattern of the 

6f „n ^ a blOCk dia 9 ram illustrating the optical arrangement 

of an alternative prior art topography device design; ^ 

, tIG * 4 a block d lagram of a cornea 1 topography device 

incorporating features of the present invention; 9 P Y V1Ce 
, ho , FIG * 5 illustrates the location of real and virtual images of 
the keratoscope pattern in the embodiment of FIG 4- lma ^ es of 

FIG 6 is an enlarged view of a method of wide' angle capture 
£' ; :il|nti|iw the present 

30 PIG. 7 illustrates Che corneal topoqraohv device nf--rVr t i„ 

operation durrn, focusing and centration; devrce ol FIG. 4 in 

with ™^.Si°;S"SS«, • lt «~ ti " k -«oscope pattern for use 

>S for use'Tn '^."p^nt"^/.^ *™pe pattern 

for use I ^t\\ 1 „e US rres:nt y l t nvrt^. alternatiVe k ««"»«p. partem 
FIG. 10 illustrates the corneal topography device of ftp a 
~co„*^^ Pf--ter to measure anient ^suaf f I£& * 
FI< f* I! is a block diagram of another embodiment of a corneal 
topography device incorporating features of the present invJn^on; 

*-k^ a FIG ' l^ ls a graph showing the location of the exit dudII in 
s; ^^mm - 1 *' 11 ^ * fUnction of the base radius of" curvature 

DETATTiKn n 4f ;r R T f > Tt /S N 

■ ' ■ As; shown in FIG . 4 , a corneal topography device arrorrfinn t- n 
the present invention includes a structured ligSJ HuJcS f?J 9 for 
^^ti^ a diagnostic pattern, such as keratoscope pattern 5 (FIG 
1), and an optical assembly 130 for focusing the created pattern 

l^^S^'^t^V^^ *T and for ^ap/u/in^ "the ? 
reriected off the patient ' s eye and directing the reflected Pattern 
toward an imaging system 150, such as a CCD chip or other imaging 
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sensor, including CMOS devices, for further processing. Structured 
light source 110 preferably consists of an illumination source 115 
and a beam modulating system 120 for creating keratoscope pattern 
5 as illustrated in FIG. 1, or an alternate pattern as discussed 
5 below. In one embodiment, structured light source 110 includes a 
diffuser to spread out the light. 

. , , According to one feature of the invention, light emitted from 
Elimination source 115 is preferably not in the visible ranqe 
10 thereby minimizing the discomfort to the patient resulting from the 
high^intensity source. In one embodiment, beam modulating system 
• ??_/? r cheating keratoscope pattern 5 is embodied as photoqraphic 
background™ GOnsistin 9 of opaque markings on a transparent 

is ' ' . 

As shown in FIG. 4, optical assembly 130 preferably includes 
in sequence, a polarizing filter 154, a focusing lens 158, for 
capturing and directing the polarized light upon a beam splitter 
^ } 65 and an objective lens 170, which focuses keratoscope pattern 
- ^^P^ col?n ^ ^ 40 • In; add! t ion, light 175 ; ref lected f *bm cornea 
" : 1 lens 170 and is then ref lected by beam 

splitter 165 toward a second beam splitter 180. The light passes 
through beam splitter 180, in a known manner, and through 
polarizing filter 185, which is oriented parallel to polarizing 
25 filter 15 4 . : ^Ther^af tex , the : ;light passes through a focusing lens 

• - 188^ which :;ser^s.;t6 ?/; dir6ct! the ref lected pattern through an 

aperture stop 190, such as an adjustable round hole or an iris, and 
onto CCD . chip 150. CCD chip 150 transmits the captured image to 
a personal computer 195, or another processor, where the image of 
the reflected ;patterri is displayed on a computer screen for f lirther 
evaluation by an operator. 

According to a further feature of the invention, polarizing 
filter 185, having the same polarization as polarizing filter 154, 
serves to prevent scattered light reflecting from the patient's 
iris 142 from being imaged on CC D chip 15 0 . In this manner, 

• scattered light reflected from patient v s iris 1 42 is attenuated , . 
permitting a clean image of the keratoscope pattern, as reflected 

. off cornea 140; on the CCD camera, without noise and background 
40 detail from patient's iris 142, thereby simplifying image 
processing. 

In addition, the corneal topography device includes a 
centration illumination source 125 and a collimating lens 135, and 
45 a focusing laser 155^ discussed further below in conjunction with 
FIG. 7, which are utilized during a centration and focusing process 
to center and focus the corneal topography system relative to 
patient's cornea 140. In a further embodiment, discussed below in 
conjunction with FIG. 10, the topography device may be configured 
as a perimeter to evaluate the patient !s field of vision . When 
configured as a perimeter, centration illumination source: 125 
preferably emits light in the infrared range. 

As the light beam passes from beam modulating system 120 



30 



35 
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through the various elements of optical system 130 to CCD chip ISO, 
several images, including real images and virtual images, of the 
keratoscope pattern are created, as illustrated in FIG. 5. Image 
KI1 is a real image of keratoscope pattern 5 created by focusing 
lens 158 and lying inside the focal point of objective lens 170. 
In a real image, ail the light from a point on the pattern passing 
through the optical system, actually passes close to or through a 
point on the image. In other words, because KI1 is a real image 
keratoscope pattern 5 could actually be seen on a piece of paper 
if a piece of paper were Inserted into the optical assembly at the 
location of KI1. • • 

In addition, objective lens 170 projects image KI1 to create 
a virtual image KI2 of keratoscope pattern 5, preferably lying 
approximately 0 . 3 meters in front of the patient's eye and being 
approximately 0.4 meters in diameter. In a virtual image, rays of 

:. ->^f $E ? nl J a PP e ** ' verge :frpm a particular location^ without 

actually being focused there. In other words, when a patient looks 
into objective lens 170, a virtual image KI2 of keratoscope pattern 

,5 appears to be emanating from the location of the virtual- iia^v. 

Upon looking into objective lens 170, patient's cornea 140 
will reflect the perceived virtual image KI2 and create a second 
virtual image KI3, located approximately 4 mm behind the cornea 140 
in the illustrative embodiment. The virtual image KI3 is captured 
by objective lens 170 and focusing lens 188, which cooperate to 
create a real image KI 4 of the virtual image KI3 on CCD 150. 

• * _ Thus, , according to a f eature of the invention, a virtual image 
KI2 of keratoscope pattern 5 is created at a desired distance m 
tront of the patient's eye. Because the distant image is virtual, 
there is no nose or brow shadow, allowing better coverage of the 
cornea and providing a design which is relatively insensitive to 
focusing errors. It has been observed that the accuracy of the 
present topography system in projecting keratoscope pattern 5 on 
the cornea is determined by the apparent Ideation of the virtual 

objective lens 170 in relation to the eye. Thus, the present 
invention provides a design that is relatively insensitive to 
focusing, in a similar mariner to the prior art design discussed 
above in conjunction with FIG. 2, as well as exhibiting improved 
corneal ^overage, in: a manner similar to the prior art design 
discussed above in conjunction with FIG. 3. 

; According to a further feature of the invention, measurement 
of a large area of the cornea is facilitated by incorporating wide 
angle capture of W reflected virtual image KI3. As shown in FIG. 
t>, a light ray 200 from the virtual keratoscope pattern image KI 2 
travels through objective lens 170 and strikes cornea 140 at an 
«w tt nearly perpendicular to the corneal surface. Light 

ray 200 is thereafter reflected back from the cornea along a path 
210 nearly parallel to the incoming ray 200 from the virtual image 
Kl^ of keratoscope pattern 5. Aperture stop 190 (FIG 5) is 
preferably conjugate through objective lens 170 and focusing lens 
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188 with a point approximately 7 . 8 mm behind the corneal surface 
corresponding to the center of curvature of a normal cornel' 
creating a real image AI of aperture stop 190, approximately at the 
center of curvature of the cornea, as shown in FIG. 6. 

. ' This optical configuration ensures that each bright region of 
the keratoscope pattern substantially illuminates only a 
corresponding region of the cornea. This is in contrast to the 
prior art, wherein the bright regions of the keratoscope pattern 
diffusely illuminate the entire cornea and iris, thereby Susina 
a significant Reduction in image contrast. In the OreJen? 
invention, light rays originating from each portion on tn~e 
keratoscope pattern reaching the corneal surface subtend * 
substantially small solid angle due to the high T^^Tth 
optical system. As Such, the illumination is well Tontrollld 
thereby avoiding illuminating those regions of 4e iris 
AHvfn?f°r 7 to K the * ar * regions of the keratoscope patted 
thus^nfSge' gu^t^ 9nif ±Cantly fontSaSt and 

Furthermore, this configuration also ensures that a rav that 
reaches CCD chip 150 was reflected nearly back along incident ray 
200, as if emerging from the aperture image AI, thereby aliowihg 

%trtuL^Ti^J° r T al t° Vei:age W±th a target at a ^gnifican? 
(virtual) distance from the eye. In other words, this limits 

reflected rays reaching CCD chip 150 to those rays that reflect as 

if they orxginated at the center of curvature of a normal cornea 

"eating the wide angle capture that characterizes this system'. 

in this^manner, the ray reflected off cornea 140 can be reflected 

at a wide angle and still be captured by the large objective lens . 

in an alternate embodiment (not shown), aperture stop 190 can be 

positioned m the optical path between focusing lens 158 and 

objective lens 170, but still conjugate to the center of curvature 

°fL* norm ! 1 c ° r nea through objective lens 170. in this alternate 

embodiment the rays emerging from KI2 are; directed toward the" 

still achi°eved PertUre St ° P 19 °' S ° W±de a " gle ca P ture of KI3 is 

in j Cn order to achieve the parameters associated with the 
Z ™ ertbodiment ' namely, so that the center of aperture 

stop 190 is approximately conjugate to the center of a typical 
cornea (having a radius of 7.8 mm), and to place the virtual Image 
at ,a distance: of approximately 0.3 m in front of the cornea with 
a diameter of approximately 0.4 m, objective lens 170 should have 
a diameter of approximately 5.5 cm and an f-number of approximately 
l n addition, objective lens 170 should be positioned 
approximately 2 cm from the corneal surface. 

: CENTRATTON AND ForncjTMr. 
In order to achieve proper centratibn and focus of the corneal 
image, the operator preferably watches a video image of the 
patient s eye on the computer screen while adjusting the position 
of the corneal topography device relative to the eye in three 
dimensions. As shown in FIG. 7, during the centration and focusing 
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operation, cent rat ion illumination source 125 and focusing laser 
155 are preferably simultaneously illuminated, while illumination 
source 115 is not illuminated. Light rays 240, 245 emitted from 
cent ration ^illumination source 125 pass through collimating lens 
135 and reflect off beam splitter 180 and beam splitter 165. Light 
£?X 3 1?' 245 P a ss through objective lens 170 and a portion of rays 
240 reflect off the cornea, while another portion of rays 245 pass 
through cornea 140 and are reflected off patient's iris 142 



js 24 0 reflected off the cornea are captured by objective 
lens 170, reflect off beam splitter 165, are transmitted by beam 
splitter 180 and are imaged by CCD chip 1 50 . Rays 240 create an 
image on CCD 150 of cent rat ion illumination source 12 5 that is 
reflected from the patient' s cornea. Meanwhile, the remaining 
light rays 24 5 which pass through cornea 140 and are reflected off 
patient's iris 142, are captured by objective lens 170, are 
reflected by beam splitter 165 and imaged onto CCD chip 150 Rays 
245 thereby create an image of the subject's iris 142 and pupil on 
the CCD chip. Thus, during the centration process a composite 
image of the patient's iris, pupil and the reflection of 
illumination source 125 is created on the CCD chip. 

;[p : The operator observes the composite image on the display and 
judges the degree of centration of the reflected image of 
illumination source 125, for example, with respect to a crosshair 
or other fixed reference mark on the display to ensure that the 
topography device is in a proper centered position relative to the 
patient's cornea. 

. Simultahedusiy wi th centration, focusing laser 155, such as 
a laser diode, is preferably obliquely illuminating the cornea with 
a laser beam 247 . Most of laser beam 247 will pass through the 
nearly transparent cornea, and fall harmlessly against patient ' s 
iris 14 2. A small percentage of laser beam 247, however, will be 
scattered by the cornea. The .scattered beam 248 is collected by 

^ reflected by beam splitter 165 and is imaged 
onto CCD chip 150; The operator moves the corneal: topography 
device closer or farther from the patient's cornea to align the 
image of scattered beam 24 8 with the same reference mark used for 
centration. When the reflection Of centration illumination source 
14^ and the image of focusing laser 155 are properly aligned, the 
0 f?ff tor activates a switch to measure the topography. those 
Xii ■ u" •■ t ? e art Wil1 readil Y note that properly positioning the 
topography device is necessary to accurately determine the base 
radius of curvature of the cornea. 

Alternatively, a portion of laser beam 247 reflected off the 
cornea is imaged onto a linear position detector (not shown) that 
generates a signal proportional to the position of the reflected 
beam ^ P f cou 5 se ' Other position detectors may be used, such as 
quadature position detectors or two-dimensional position detectors . 
rt ? h ? u * d be : understood that when the reflected beam is 
appropriately centered on the linear position detector, the device 
is designed such that the cornea is in proper focus. Otherwise > 
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the operator moves the corneal topography device closer or a 
farther from the patient's cornea to center the reflected beam on 
the linear position detector. In the event, however, that the 
patient moves just before the measurement is made, the position of 
the reflected laser beam, which is now offset from the center is 
recorded. Using triangulation which is well known in the art, 'any 
deviation in the position of the reflected laser beam is used to 
correct for errors in the computed base radius of curvature caused 
by def ocusing . 



. . : ,I ; n addition, the patient undergoing corneal measurement 
observes centration illumination source 125 during the centra t ion 
process to ensure that the patient's visual axis is aligned with 
the optical axis of the topography device. In an alternate 
15 embodiment, the high intensity centration illumination source 125 
emits nonvisible light, so as to be more comfortable for the 
patient, and light source 115 is simultaneously illuminated t o 
provide a point of fixation for the patient during the measurement . 

20 In alternate embodiments, centration illumination source 12 5 

can be located at different positions in optical system 130, as 
would be apparent to a person of ordinary skill in the art. For 
example, beam splitter 180 can be positioned in the optical path 
between keratoscope target 120 and beam splitter 165, with the 

25 centration illumination source 125 introduced through relocated 
beam splitter 180. 

Thus, according to a feature of the present invention, 
patient's iris 142 is diffusely illuminated by centration 
30 illumination source 125 during centration/ thereby allbwing easy ; 
. . visibility of the pupil. ■ Further, since illumination source il5 
is not illuminated in the preferred embodiment during the 
centration process, and thus a keratoscope pattern is not 
? e n?K a 5 ed ' the boundaries of the pupil are not :ob'scui^d '^orie ^r' 
35 more : r i rt g S of the reflected keratoscope pattern, as with prior art 
devices . ; • 

TOPOGRAPHTCAT. MEA SUREMENT 

Once the operator is satisfied that the composite image has 
40 been properly centered and focused on the computer screen, the 
operator pushes a switch to initiate measurement of the cornea. 
Upon initiation of the measurement process, centration illumination 
source 125 and focusing laser 155 are turned off, while 
illumination source 115 is activated to permit measurement of the 
45 cornea . In a preferred embodiment, personal computer 195 stores 
at least the last two successive video frames . Thus, at the moment 
immediately after illumination source 115 is illuminated, the 
topography system has one video frame containing the pupil, 
diffusely illuminated, with no keratoscope image, and one video 
50 frame with the keratoscope image reflection with no obscuring 
detail from patient ' s iris 142. From the video frame containing 
the pupil image, the outlines of the pupil are easily detected . 
From the video frame containing the keratoscope image, the edges 
of the keratoscope pattern image are easily detected. The detected 
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^ff^ SC ° P? pattern imaae is thereafter compared to the storP H 
^T^m^. in^naation about the* corneal t£gSS? 

It should be understood that on a smooth surface rh* ra H<„ 
mLe UrVa AV e ^ ^ ^ e "#^ on the direction measurement £l 

curvature S' * s " rface have many different raS of 



It is contemplated that the Gaussian curvature *+ Ifiiw ;: - • 
on the cornea may be calculated fro^the refSpH ^ J point 

2o re g ularit y and distribution of trlLpfant el 'corned ^ 

Alternatively, other mathematical derivatives of t-h* r a „ e • 
: curvature may,^ ^^.such^s the square ^ % ^vlrsJ of 

ZZlltZ 1 " dl " C "°- ™<* - ^°n 9 the s^t^|d^p t g : 

0 t^^.i ' CALIBRATION 

sr 1.,*°. c ti^r ^^Sv a 7 ~^%p^^ h j h °^ 

litro^i^n/^randT?; «~ ^^V*.! 3£ 

desired ^polnt* ^irat^Ucoed^ 1 ^^ /t^" "rsT 
cutsoTo'n"^ illUminateS WlSfenalion source 115 and positions ; 
KM S o°J ^cTpT partorn r I en ^xt^^t^o^ iVT ^ 
- 2 rle^\e i d 11 ir a e te o d „ r T rtSil^St,ilaS 2fr! 

un^r-r--^^ 

radiuJ^o^-aMcClarer^ad^s 01 ^ ^^'JTZ? 

contend sl g „St o D at ic^ ly £ ^tr^usr 

aperture stop: 190 at the centPr ,-><= lul , virtual image of 

optical aberration Wiii appl^On tL cal£™tro^ 's^* 16 " ' *" 
a deviation of a Reratoscope ^ing> ot^art or a ^ r^'the 
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■PP-^Jiqn that would be expected by paraxial optics. When an 
unknown cornea is imaged, the amount of deviation dim 
aberrations is unchanged, and can be removed by a JubtraJtion 
process to yield an aberration-free image from which accural 
corneal topography can be calculated. accurate 

— STRUCTURED T,T.ah.T sonprp, 

T v? 5 previously indicated, the corneal topography system 
includes structured light source 110 for creating a keLtJ^^ 
pattern or another desired pattern. Structured ilgnt source ?10 

sylteS^ 12a in il^ S 1 / 1Uini ^ tio " — 1 15 and be^am moduli 1 i ng 
12 °' IMumrnation source 115 may be embodied as any light 
emitting device, including a laser source, a light emitting diode 
15 ?!5 an as^weir^s ^ T ^ ^ h t emitted by Illumination source 
4;f ^ k, iu y centratlon illumination source 125 is 

fJom ^ r y either natUrally achromatic, as in for examplJ lioSt 
ffrtfe 3 t or is made monochromatic by the use of a color 

filter. In this manner, chromatic aberration, which would normSi?^ 
be expected with the use of low f-number lenses, ' 

system In i2°0 ne i s er t^H en ^ previousl y ^cussed, beam modulating 
™ct«i- / embodied as a piece of photographic slide film 

create Vh" 9 h° • ° P / qUe markin <? s on a transparent" background, to 
create the desired pattern. Depending on the application, however 
it may be desirable for beam modulating system" 120 to be embodied 
.^nr 9 "^ 6 image quality light pattern generator for 
creating ^ variable patterns. in a preferred embodiment 

programmable light pattern generator 120 is comprised STan array 

transm'itt 0 " 6 ^ d %^ e " by a s Catter i ng or absorption process "a d 
ski??S fn n ?H ^ ln an °ther mode, as is well known to those 
skilled in the art. In this manner, the liquid crystal array can 

a iaL /^h, T y ln 3 relaxed (light blocking) state, or in an 
h^wil 9 transmitting) state, or in an intermediate state 

Thrpi^ls of ^^^ reme , P°^t ions, according to a "gray scale." 
ISlrot^i of the liquid crystal array are preferably selectively 
energized via a driver which may be controlled by computer ' l 95 . 

40 *s~ J-",, 3 " alternate embodiment, structured light source 110 may 
Jay^e 12^1 %i T** # e -^lng diode/ (LEPs S 

ray tube (CRT ) or as a laser controlled by an X-Y galvanometer dt 

HTVf °^ Sr 1±ght « ene «ting or transmitting dispTay In 

45 lource i . alternate embodiments, an additional illumination 

aJtlrnaf^ ^t- r ^ qUiXed ^ a further ' less complex, embodiment, 

f^tahlf >^ nS G t" f achieved < for example, by incorporating 
a^rotatable pattern wheel, with a plurality of selectable positions 
each creating a unique pattern. 



■ w ALTERNATE PATTERNS 

kera^rJl 3 ^ A®" observed that by modifying the conventional 
b^ob^Z? P J r Jl' additiG ^l or more accurate information can 
to enhance H a ^ OU ^ • C ° rneal topography. In particular, in order 
to enhance detection and measurement of non-rotationally symmetric 
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corneas, such as those with astigmatism, a; keratoscope pattern 
which permits identification of the meridian of origin of the 
reflected ray is preferably utilized. If a particular cornea beina 
evaluated is not rotationally symmetric, angularity will be 
introduced an the rays reflected from the corned and the 
conventional assumption that the target pattern projected through 
violated ^ ^ not undergo any angular displacement is 

>nh,n^ V° rdin9 to a further feature of the invention, an 
enhanced keratoscope pattern, such as pattern 250 illustrated in 
FIG. 8A, is utilized. Keratoscope pattern 250 of FIG, 8A consists 
, ty ° f G ° ncent * ic rings 255, 260 as well as a plurality 
of^ radial lines 270, 275, In this mariner, when the pattern 
reflected off the patient's cornea is imaged on the CCD ch^p he 
features on each ring allow identification of rays that leave the 
plane containing the system's primary axis, and the point of 

S2 dif£ COrnea - BY —^ng features on the t^rg^t 

tha ? : dif i ferentiate segments of each ring, the problem of rion- 
coplanarity of the prior art is solved . or non 

In variations of this embodiment, circumferential marks, a 
circulat or, sq 

J es ' or . example, may be utilized instead of the radial lines 
1 \ t to achieve a similar result. For example, a circular 
checkerboard pattern 295 may be used as illustrated in Fig. 8B 

™J ? r c ^ eck erboard pattern 295 Icbhsists of cOncentiic circles 
2|^cut across with; r 

light and dark. The concentric circles allow the topography to be 
??H? U f e v- Xn t ^ n ^ x " Weil known m the art. Furthermore, the 
rad t a * llnes delimited by the regions of light and dark allow the 
system to identify the plane Of origin of the incoming rays from 
"i he , ^ prnea - ■ T * is ;; ' Particularly ; useful : fbr corneas y^iih: 
^^^^ti 51 "- Mpreoyer, us ing a It e rria ti rig ; regions of 1 ight and *lar k 
^inherently defines Vthe radial lihe^,: reducing the line ^thickness 

F ° r measurement of abnormal corneas, such as highly curved or 
unusually flat corneas, it may be desirable to change the diameter 
rl ,«f PaC ^ n9 ° ^ hS concentric rings on the keratoscope target. 
2! ' x } cah be seein th «.t when beam modulating system 120 is 
embodied as a programmable light pattern generator, such as a 

f C i rySta array ' ° r as an easil y replaceable photographic 
W de fllm * in the manner described above, the number of different 
.patterns which can be achieved with the present invention is 
virtually unlimited. In this manner, the enhanced flexibility in 
W^mmi:r iCieCi hy P f^ ■ Wtiqn" permits greater 

• n . f . add ition, the present invention permits the cornea to be 
initially evaluated with a generic pattern, such as pattern 5 of 
FIG. 1, and upon detection of certain anomalies, to be further 
evaluated with an alternate target which has been designed to 
optimize evaluation of the particular identified anomaly. 
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In a further alternate embodiment, a circular pattern 290 may 
be utilized to allow calculation of corneal curvature in the 
perpendicular directions in a normal cornea (FIG. 9). This permits 
the invention to perform ophthalmometry. 

••••• PERJrtETEB 

In addition to being useful for evaluating corneal topography, 
the present invention may also be utilized as a visual field 
measuring device, or a perimeter. Perimetry is an integral part 
of general ophthalmic and optometric practice, primarily as an aid 
to assessing glaucoma, but also to assess maculopathies and optic 
neuropathies. Typically, the visual field of a patient was 
evaluated by having the patient view a background, for example, a 
projection screen or a CRT, that spans a portion of the patient • s 
visual field. ■ .- v v . 

In order to measure a patient's visual field, the optical 
system of FIG. 4 is preferably reconfigured as shown in FIG 10 
The structured light source 110 is preferably embodied as a liquid 
crystal display (LCD), a thin film transistor (TFT) LCD display 
a CRT or an array of LEDs , to achieve a moving and changeable 
fixation target , or ;pther active matrix display . As indicated by 
light ray 17 6, the pattern created by Structured light source 110 
is captured by focusing lens 158 and directed through beam splitter 
165 and objective lens 170. The objective lens 170 creates a 
virtual image of the pattern produced by structured light source 
110 that is projected at a preferred distance of 1 meter from the 
Patient ' s cornea, and spans at least 25° of the patient's visual 
field. During measurement of the patient's visual field, the 
patient observes the visual StimulusV namely ^ the virtual . image of 
video display 120, by. viewing through objective lens 170. 

To measure the patient's visual field, centration illumination 
source 125 . vis- . preferably : embodied as ah ibf rared laser and 
illuminates the patient's pupil with an infrared beam 177 through 
a polarizing filter 191 and reflected off two beam splitters 180, 
165. Infrared beam 177 is scattered off the patient's iris, is 
captured by objective lens 170, is reflected off beam splitter 165, 
transmitted through beam splitter 180, through a polarizing filter 
185 and focusing lens 188 and imaged upon CCD chip ISO, for display 
on the screen of computer 195. Polarizing filter 185 is oriented 
perpendicular to polarizing filter 191, so that scattered light 
from v the patient^ a nd 
reflected light from the cornea is preferentially blocked. 

In operation, the device is centered relative to the patient's 
pupil, by centering the video image of the pupil. The system 
monitors fixation by tracking the movement of the patient's pupil, 
using the scattered infrared image. When the center of the pupil 
ima ? e : moves beyond a predefined threshold, an alarm may be 
activated to indicate when fixation is lost. Preferably, beam 
modulating system 120 projects a white on gray target of varying 
size or luminosity to determine threshold sensitivity at each 
point. Targets of varying luminosity are possible by adjusting the 
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ratio of pixels in the "on" and "off" mode that make up each image 



a 



To calculate the position of the pupil in real time, e 
weighted threshold algorithm is preferably utilized. Initially 
the image intensity of all points in the video image is inverted' 
so that light pixels become dark, and vice versa. This creates a 
bright pupil on a dark background. Thereafter, all points in the 
video image with luminance below a predefined threshold are 
excluded, because they presumably represent iris points . Finally 
the unweighted vector center of the remaining points is calculated' 
representative of the pupillary center. 

In an alternate embodiment, illumination source 125 is aligned 
with the patient's visual axis so that a bright image of the pupil 
appears by reflection from the retina of light from illumination 
source 125. In this case, thresholding can be per formed without 
inverting the pixel intensities, and the unweighted vector center 
calculated. 

In the above embodiments, a virtual image of the keratoscope 
pattern appears tai be located; about 30 cm in front of the patients, 
eye. Such a configuration simulates the function of the 
keratoscope pattern used in most prior art systems. As discussed 
above herein, this virtual image is directed to and reflected off 
the patient's cornea, with distortions in the cornea observed in 
the reflected image. For some applications, however, it has been 
found preferable to position the keratoscope pattern at some other 
location. Although departing from the conventional wisdom/ it has 
been discovered that doing so reduces the complexity and enhances 
the efficiency of the optical system. 

Shown in Fig. 11 is another embodiment of the present 
invention which is similar to the aboVe embodiments, except that 
th | ; :^^e";of the keratoscope pattern is notably formed at a 
position not visible as an image to the patient's eye 
Contrastingly, in this latter embodiment, a virtual image of the 
keratoscope pattern is formed just behind the cornea such that 
after being reflected from the surface of the cornea is re-imaged 
just in front thereof. Likewise, however, distortions in the 
cornea are observed in the reflected real image of the keratoscope 
pattern, which image is then directed onto a CCD, converted into 
anelectrical signal and analyzed by a computer. 

Referring to this later embodiment depicted in Fig. 11, a beam 
splitter .1110 is Used to direct to the patient's cornea a virtual 
image of a keratoscope pattern, K vl . Preferably, this keratoscope 
pattern is created by illuminating a keratoscope target 1115, 
positioned preferably 4.4 mm inside the front focal plane of a 
focusing lens 1120, ..(£-9. 5 mm) , Alternatively, however, the 
ke ^J° sc?0 P e L target may be positioned at Ku but would of course 
lengthen the optical axis of the system. Incoming light rays 
emanating from keratoscope target 1115 along an optical axis 1125 
pass through an aperture stop 1130 approximately 0.3 mm in 
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diameter, strike the reflective surface of beam splitter 1110 and 
then are directed laterally along an optical axis Ills hh^ k 
aspheric lenses 1140, 1145 onto the surface of a p^ti n^s L 
1150. Preferably, lens 1140 has a focal length of about 7 4 mm 
whereas lens 1145 has a focal length of about 4 6 «?. ff^s^JT 
beam splitter 1110 may be mounted such; that its angle of rotation 
if adjustable. In the event that the beam splitter becomes 
misaligned realignment is then readily possible. Also pelJcTes 
may be used instead of beam splitters. pej.ici.es 



The virtual image of the keratoscope pattern k i« *w*w*w 
approximately 2.8 mm behind the cornea, ^^S&J&^WM 
therefrom forming ah image of a keratoscope ^at^rn T^ 
approximately 10.6 mm in front of the cornea ^ase rldius ^f 
curvature of 7.8 mm) . It is this latter real » ae t ! ?f 
distorted by any abnormal shape in the cornea Lenses 9 tl4o " 1145 
the distorted image of the keratoscope: pattern K ^ thxouoh 
optical assemhlv 1 1 c - 0 , • _ . , , __. ' *'> r through 



^'^^W^ ^ separated ,a P a rt: &i :8 mm. This optica! 
S n?^^ - 0 ' 11 ^ ^ 6 distorted, keratoscope pattern image/ ^, 
a vYh*>? 96 ^°"P led device (CCD) 1170, converting the image xn to 
a video signal for image processing, such as by a compute?. ||§ 
1170 is positioned about 2.5 mm behind lens 1160. P 

, ha , ^ in th f Previous embodiment, it should be clearly understood 
that lenses 1140 and 1145 are specifically designed such that the 
KM ^ f ^ V ^ erat ? s cope target 1115 strike the cornea at an 
angle ^substantially perpendicular to the surface thereof . Optical 
analysis and ray tracing indicate this: condition specifically ai*o 
curvaturTo^ Jh 5t °P 1 13 ° K "ear or about the nominal center of 
hS?™ k „ cornea, which may be approximated as an ellipse 

5S vin ? a base radius of 7.8 mm and a conic constant of about 0.25 
rnis latter image of aperture stop 1130 is shown as 1130* in the 
rigure. By imposing this condition and also sufficiently limiting 
the size of the aperture stop, any light rays reflected from the 
^ rnea travel : f ^tantlally along a path parallel or collinear with 
the^cpr^espohdirig incident light rays P 

system has a working ^^J^^-^^^^i^M^^^^^i-. V .;■ .i-:;:^:; 

wido ett f odlment also uses a unique method of accommodating a 

>M e range of eyes or measuring abnormal corneas. Eyes suffering 
from keratoconus typically have a small radius of curvature neat 
22 Cen K te ^ of the cornea, for example, as short as 4 mm. Oh the 
other hand, post-refractive surgery eyes may have a radius of 
curvature as large as 11 mm. Unfortunately, this variation in the 
radius, of curvature shifts the nominal image plane of the 
keratoscope pattern as well as the image plane of the exit pupil, 
And,, uncorrected may result in an unacceptable image quality. 
Sufficiently limiting the size of the aperture stop of the optical 
tl S !T' h° we y er ' compensates for the former inasmuch as it extends 

So.^h^K fleld , SUCh th3t the ima * e remains acceptable, even 

though the image plane shifts greatly. 

With regard to the exit pupil, it has been determined that 
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allowing the location of the exit plane to move through the plane 
of the CCD prohibitively degenerates the image quality To 
compensate for this, it has been found that restricting the exit 
pupil to pass through infinity provides an acceptable: image, even 
5 for wide variations in the shape of the cornea. In order to better 
understand this condition, an illustrative graph of the position 
of the exit pupil (from the nominal image plane) as a function of 
the base radius of curvature of the cornea is shown in Fig 12 
It should be clearly understood that the nominal image plane is 
10 where the image of the reflected keratoscope pattern is formed for 
a normal cornea and herein coincident with the plane of the CCD. 

First, consider a cornea having a short base radius of 
curvature of 4 mm. In this latter instance, exit pupil 1130" is 

15 located a short distance (-2.1 mm) in front of the plane of the 
CCD, As the radius of curvature approaches the limiting radius R 
the location of exit , pupil 1130" approaches negative infinity' 
And, further increasing the radius of curvature shifts the location 
■ of the exit pupil toward the plane of the CCD, but does so from 

20 positive infinity, as illustrated . For a normal cornea havinq a 
base radius of curvature of 7.8 mm, exit pupil 1130" is located 
about 26.4 mm behind the plane of the CCD. 

In general, the location of the exit pupil satisfies 
•25 approximately the following equation: 



wherein L is the distance of the exit pupil from the plane of the 
CCD; R„ is 7.51 arid C , is -7.55; and r is the base radius of 
curvature of the cornea . - 

Thus, it has been found that an optical system as described 
above herein is well suited to compensate for variations in the 
radius of curvature inasmuch as the location of the exit pupil 
never passes through the plane of the CCD. This is so even though 
the location of the; exit pupil shifts from one side of the plane 
of the CCD to the other . • . 

In the previous embodiments discussed above herein, fixation 
was readily achieved by having the patient look at the center of 

40 the keratoscope pattern and aa such along the optical axis of the 
instrument. It should be recalled, however, that in the present 
embodiment the keratoscope pattern is not visible to the patient's 
eye, other than as an overall illumination. This is so because the 
keratoscope pattern is focused to a point located just behind the 

45 patient's cornea. Accordingly, in this embodiment a separate 
visible fixation pattern is provided to ensure that the patient's 
visual axis is aligned with the optical axis of the instrument. 
More specifically, a fixation target 1175 consisting of a clear 
glass plate with a small black pattern is positioned within the 
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back focal plane of the lens system formed by lenses 1140 and 1145 
In this manner, a virtual fixation pattern can be formed at a 
distance of about 40 cm in front of the patient's eye. Of course 
the features within the fixation target are judiciously chosen to 
5 be large enough for the patient to focus on {-5-10 arc minutes) 
when viewing the pattern/ but small enough not to block the lidht 
rays reflected from the cornea. y 

in • , , Sil " ilarly ' P^ 11 detection may be accomplished using on-axis 
illumination as described herein above for the previous 
embodiments. Likewise, focusing may be accompli shed using a 
portion of a beam scattered or reflected off the cornea, as 
described herein above. It is contemplated, however, that off-axis 
J 11 "^^ ">ay also be used for pupil detection. Referring back 

15 5°; Fl ?- 11> lenses 1140 and 1145 may be used to image an off-axis 
illumination source 118 0 to the patient' s iris. Radiation 
i?^ tered from the 1X1 3 13 likewise collected and imaged onto CCD 
i|^4^H S a v d locate^ the edge of the pupil in a manner 

described above herein. Off-axis illumination may even be 

20 preferable since it prevents specular reflections from the cornea 
and retina from interfering with locating the edge of the pupil. 

It is to be understood that the embodiments and variations 
f^ own fnd : described herein are illustrative of the principles of 
■25 this invention - only ;;and that various modifications may; be 
implemented by those skilled in the art without departing from the 
scope and spirit of the invention. 
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Claims : 

1. An apparatus for evaluating the shape of a cornea, said 
apparatus comprising : 



a structured light source for generating a diagnostic pattern; 
5 an optical system for projecting a virtual image of said 

diagnostic pattern at a distance in front of Said cornea, capturing 
a reflection of said virtual image off said cornea, and for 
redirecting said reflection onto an imaging system; and 

processing means for determining the shape of said cornea by 
10 comparing said reflected image detected by said imaging system with 
stored reference information . 

2. The apparatus according to claim 1, wherein said 
. diagnostic pattern is comprised of one or more concentric rings. 

3, The apparatus according to Claim 2, wherein said 
diagnostic pattern further comprises means for differentiating 

, repents of ; said tin^s.:: ./ 

20 4 - The apparatus according to claim 1, wherein said 

structured light source is embodied as an illumination source for 
generating a light beam and a beam modulating system for qeneratiho 
said diagnostic pattern. ' ^^JkV'.^.-'^- 

25 § , 5 * The apparatus according to claim 4, wherein said beam 
modulating system is embodied as a liquid crystal array for 
producing said diagnostic pat tern . 

. .,. 6 ' The apparatus according to claim 4, wherein said beam 
30 modulating ; system is, embodied : as,: a programmable light pattern 
generator capable of producing a plurality of said diagnostic 
patterns . 'h ' j.}K-> t: ■ 

•<»W' : ' -i, ■ 7 * * he ; apparatus according yto claim 4, wherein slid 
3i> illumination source emits non-visible light. 

8. The apparatus according to claim 1, wherein said optical 
system further comprises means for attenuating light scattering off 
the iris of said eye. 

•'•fevvfe" The apparatus according to claim 1, further comprising a 
pupil^detection mechanism; wherein Said pupiX detection mechanism 
in^^udes an illumination source illuminated independently of said 
structured light source; 

10. The apparatus according to claim 1, wherein the optical 
system further comprises an aperture stop which is conjugate 
through the optical system with a point behind the corneal surface, 
said point corresponding approximately to the center of curvature 
of a normal cornea, said aperture stop permitting rays of light to 
reach the imaging system which appear to have originated at said 
point behind the corneal surface. 

11. The apparatus according to claim 1, wherein said optical 
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system Includes an objective lens for projecting said virtual imaqe 
of said diagnostic pattern, said objective lens being positioned 
approximately 2 cm from the surface of said cornea. 

S 12. The apparatus according to claim 1, wherein rays of liqht 

reflected off the corneal surface and captured by the imaging 
system appear to emanate from a virtual aperture" that is behind the 
corneal surface. " 

10 13. . The apparatus according to claim 1, wherein said 

structured light source is essentially monochromatic. 

. A corneal measuring device including a measurihq 

stimulus, an optical system consisting of optical elements, and an 
imaging device, wherein a virtual image of the measuring stimulus 
is projected by the optical elements, wherein light from the 
virtual image of the measuring stimulus reflects off a cornea and 
is captured by said imaging device, and wherein the reflected liqht 
is analyzed to determine the shape of the cornea .-;.■> ■ •; 

15. An apparatus for evaluating the visual field of a 
patient, said apparatus comprising: 

a light pattern generator for generating a visual stimulus; 
an optical system for projecting a virtual image of said 
visual stimulus at a distance in front of an eye of said patient; 

processing means, for determining when -fixation of said pupil 
■ on said visual stimulus is lost . . : :\.'.':-/.:',.. - • • 

30 . . 16 ' Tne visual field apparatus according to claim 15, wherein 

said visual stimulus is a moving fixation target. 

17. The visual field apparatus according to claim 15, wherein 
.said optical system captures a reflection of said virtual image and 

35 said illumination source off said eye, and redirects said 
reflection onto an imaging system. 

18. The visual field apparatus according to claim 17, wherein 
said optical system includes means for attenuating light reflected 

40 from the cornea of said eye. 

19. The visual field apparatus according to claim 15, further 
comprising processing means for monitoring ah image of said pupil 

. on an imaging system arid for tracking the movement of Said pupil 
45 in response to said visual stimulus. 

20. The visual field apparatus according to claim 15, further 
comprising an infrared illumination source for illuminating the 
pupil of said patient. 
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21 • The visual field apparatus according to claim 15 , wherein 
said processing means determines the position of said pupil in each 
frame using a weighted threshold algorithm. 
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22. A method for evaluating the shape of a cornea sain 
method comprising the steps of: ' 

genera t irig a diagnos t i c pa t tern ;•■ 
= j • . -. P r °3 ect ing a virtual image of said diagnostic pattern at a 
5 distance in front of said cornea; 

capturing a reflection of said virtual image off said cornea; 
directing said reflection onto ah imaging system; and 
determining the shape of said cornea by comparing said 
reflected image detected by said imaging system with stored 
0 reference information. y scored 

23. The method according to claim 22, wherein said step of 
generating a diagnostic pattern includes the step of genera tlno^dni 
or more concentric rings. 9 

24. The method according to claim 23, wherein said step of 

SSfJShMi** dlagn6stlc P/ttern includes generating means for 
differentiating segments of said rings . 

_ 25. The method according to claim 22, further comprising the 
S ^Mffl^l^^$^ scattering off the iris of said eye. 

, hen 2 f' Jhe method according to claim 22, further comprising the 
step of detecting; the pupil in said image, wherein said pupil is 
detected using an illumination source which is illuminated 
independently of said diagnostic pattern. illuminated 

.... 27 . A method of calibrating a corneal topography device, said 
tllllt listing of a pattern generator for creating a diagnostic 
pattern, a ^centration illumination source for centering and 
focusing said topography device relative to a patient's cornea, an 
imaging system and an optical •assembly for focusing said pattern 

oatt.rn 651 // d f °S al P ° lnt and for directing a reflection - of said 
pattern off an object at a predetermined position relative to said 

s^ps of. ° imagin9 system, said method comprising the 

™™ P osi tioning a calibration sphere approximating the size of a 
. : cornea at said predetermined ^siti^^M^ " ' :/-''": ■'" 
illuminating said sphere with said diagnostic pattern; 
creating a first image on said imaging system of a reflection 
of said pattern off said sphere; 

fch* o< P° si t^oning a cursor on said imaging system on approximately 
the center of said first image; y 

rtf ca ,vf eata f g f. s ^^ nd image on said imaging system of a reflection 
ox said centra tion illumination source off said sphere- 

„u ad ? US 5i ng the Position of said centration illumination source 
cur^- an" SSC lmage is approximately centered around said 

t-„™ * t ?f: ing said first image as a reference image for calculating 
topographical information about an unknown cornea. 

2 i : The Method according to claim 27, further comprising the 
step of evaluating the shape of an unknown cornea by subtracting 
said first image from an image of said cornea to yield an 
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aberration free image. 

29. An apparatus for evaluating the shape of a cornea, said 
apparatus comprising : 

a monochromatic structured light source for generating a 
diagnostic pattern; 

ah optical system for capturing a reflection of said 
diagnostic pattern off said cornea, and for redirecting said 
reflection onto an imaging system; arid 

processing means for determining the shape of said cornea by 
comparing said reflected pattern detected by said imaging system 
with stored reference information. 

30. An apparatus for evaluating the shape of a cornea, said 
apparatus comprising: 

a structured light source for generating a diagnostic pattern; 

an optical system for capturing a reflection of said 
di^grtostic pattern off said cornea, and for redirecting said 
reflection onto an imaging system, said optical system including 
polarizing means ; for attenu a 1 1 n g 1 igh t ; jsc^tter i n g off the iris of 
said eye; and 

processing means for determining the shape of said cornea by 
comparing said reflected pattern detected by said imagirig system 
with stored reference information. 

'.//31V;. • :; Ah'' : <:app.ara eye, ; said 

eye including a cornea and a pupil, said apparatus comprising : 

a first light source for generating a diagnostic pattern; 

a second light source for illuminating said pupil ; 

means for illuminating said second light source independently 
of said first light source; 

an optical system for capturing a reflection of said 
illumination off said eye, and for redirecting said reflection onto 
ah imaging system; and 

processing means for detecting t Hei; ioba t ion of said pupil by 
a rial y z i n $ said r e ^ ie c t e d 1 1 i umi a t ion . • 

32. An apparatus for obtaining the topography' of an object , 
comprising: 

means for illuminating the object: with light that forms a 
virtual image of a diagnostic pattern a distance behind the object; 
means for capturing light reflected from the object; and 
means for forming an image from said reflected light, wherein 
abnormalities in the shape of the object are observed in 
distortions in the reflected image of the diagnostic pattern. 

" f3 "*3 jr. The apparatus of claim 32 further comprising means for 
processing said reflected image of the diagnostic pattern. 

34. The apparatus of claim 33 wherein said means for 
processing includes means for calculating the radii of curvature 
of the object along two perpendicular directions. 



35. The apparatus of claim 32 wherein said means for 
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^°S?J? ing > inCllld6? ^ anS f ° r calculating the Gaussian curvature 

on different points on the object. ure 

H ia 36 J- The apparatus of claim 32 wherein a real image of the 

patient's SLS^^ ° f 32 herein said object is a 

includ^ a S^r^^T 32 WherSin Said ^^-3tic pattern 

. , J 39 ' Tne apparatus of claim 32 wherein said diagnostic pattern 
jncludes a circular checkerboard; pattern consistin^^once^tric 
JigS e : n d U da a r C k rOSS " M ^ havi * ^^ernaLng regions of 

is a vLrtuIl^^ 3 ° f Claim 32 WhSrein Said dia ^tic patte.tn 

• The apparatus of claim 32 further including an aperture 

stop imaged. approximately at the center of curvature of the object 

v 3' The apparatus of claim 32 further including an exit pupil 
, approximately satisfying the f olidwing condl tionf - ? ■ K ^ : ; 



0 



olKe i of L th S H he l0Catl0n of the exit pupil from the nominal image 
and r is 3S patterr > ; G > and «V are positive constant!, 

and r is the radius of curvature of the object. 

•'• k^ : A ^ :? he _fPpaxatus of claim 32 wherein said means for 
f Processing includes a^ i sensor : " " OX 

^nPf : ■ S^I^S^S* Of claim 4^3 wherein said ' imaging ' sensor " -is 
a CMOS type imaging sensor. " 

. _ «• 45 • The apparatus of claim 4 3 wherein said imaging sensor is 
a charge coupled device (CCD) . : . 

na ,. I 6 / An optical instrument for measuring the topography of a 
patient's cornea, comprising: H y 

a virtuar^i™ S r te ?- f ° r P r °3 ect ing a distance behind the cornea 
a virtual image of a diagnostic pattern; 

liaht re^lL^H E^S? *" ° f Said di a<?nostic pattern from 

fL !? 9 ? d fr0m l . the cornea ' therein abnormalities in the shape 
° * he <= orne a are observed in distortions in the reflected image 
of the diagnostic pattern; and y 

patterT 3 " 8 ^ prOGessind said distorted image of the diagnostic 



PCT/US97/13678 



-24- 



10 



15 



20 



25 



30 



40 



45 



47 • the optical instrument of claim 46 wherein said means for 
processing includes means for calculating the radii of curvature 
of the cornea along two perpendicular directions. curvature 

48 The optical instrument of claim 46 wherein said means for 

Sn°5??; ing , lncludeS means for calculating the Gaussian culture 
on different points on the cornea. : 

of „ K 49 ;. Tne optical instrument of claim 4 6 wherein a real image 

51. The optical instrument of claim 4 6 wherein said 
diagnostic pattern includes a circular checkerboard patten 
consisting of concentric circles cut across with: radial lines 
having alternating regions of light and dark. 

rt* »AriA«W Tne _ °P tical instrument of claim 4 6 wherein said 
diagnostic pattern is a virtual image, 

53. The optical instrument of claim 4 6 wherein said optical 

tnt m - i nClU K 63 " 1SnS refracti "9 light rays of said virtua^imJge 
to strike substantially perpendicular to the surface of the cornea. 

54 The optical instrument of claim 46 further including an 
exit pupil approximately satisfying the following condition: 



C. 



r!i^^ n * L *.K ? 5 he 1 ° C - t:ipn ° f the exit P U P L1 from the nominal image 
•■ ^ ne ? f diagnostic pattern; C x and R c are positive Constants, 

ana r is the base radius of curvature of the cornea. 

55 ' Tne optical instrument of claim 4 6 wherein said means for 
as processing includes an imaging sensor. 

56. The optical instrument of claim 55 wherein said iraaqina 
sensor is a CMOS imaging sensor. 99 

: 57. The optical instrument of claim 55 wherein said imagihq 
sensor is a charge coupled device (CCD). 

58. An apparatus for measuring the topography of a patient's 
cornea; comprising: 

. an optical system for projecting to the cornea a diagnostic 
pattern, such that light rays from said diagnostic pattern are 
directed substantially normal to the surface of the cornea; and 
,, rih , ^" S *°f foxmlng an image of said diagnostic pattern from 
light rays reflected from the cornea, wherein abnormalities in the 
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?hape of tiie cornea are observed in distortions in the reflected 
image of the diagnostic pattern. 

59 ■„■- The, apparatus of claim 58 further comprising means for 
processing said reflected image of the diagnostic pattern. 

60. The apparatus of claim 58 wherein said diagnostic pattern 
is projected a distance behind the cornea. 

61. the apparatus of claim 58 wherein a real image of the 
diagnostic pattern is formed in front of the cornea from light 
reflected therefrom . ' 



62. The apparatus of claim 58 wherein said diagnostic pattern 
15 includes a keratoscope pattern. 

63. The apparatus of claim 58 wherein said diagnostic pattern 
^ ii g: 1 u cfe s a c ire li 1 a r checkerboard pattern corlsi sting of conceri t r ic 
Circles cut Across; with radial lines having alternating regions of 

20 light and dark. 

64. The apparatus of claim 58 wherein said diagnostic pattern 
isi a virtual image* 

25 \; ;65..- The apparatus of c 1 ^ i m ; 5 B vrh ^ r^e i n said optical system 

includes an exit pupil satisfying approximately the following 
condition: 



(*,-r) 



35 



wherein L is the location of the exit pupil from the nominal image 
plane of the diagnostic pattern; C, and R 0 are positive constants, 
30 ?nd 'M is ? tjhe baser radius of curvature o^ 

66. An apparatus for measuring /t^A4p*pb^'i:aphy: of a patient' s 
cornea, comprising: 

an, optical, system for projecting to the cornea a diagnostic 
pattern, said optical system having an exit pupil, wherein 
abnormalities in the shape of the cornea are observed in 

the di^gh<>^ arid 
■ I :'-- : W^' rt ^'' v '^?^ forming ah image of s a i d d i axj no£ t i c p a t i: e rn f r pin 
light rays reflected from the cornea , said image located at a first 
plane for a cornea having a normal base radius of curvature, 
wherein for radii of curvature deviating from the normal base 
radius of curvature the location of the exit pupil does not pass 
through said first plane even though the location thereof shifts 
from one side of said first plane to the other with variations in 
the radius of curvature of the cornea. 
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67. The apparatus of claim 66 further comprising means for 
processing said distorted image of the diagnostic pattern. 
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68. The apparatus of claim 66 wherein said diagnostic pattern 
is projected a distance behind the cornea. 

69. Thl 
ps tic pa 

reflect ed t here f r 6m 



e 
ght 



by. The apparatus of claim 66 wherein a real image of th 

S5?K?"i fc .?-^ n AS f ° rmed in front of the cornea from ligh 
reflected therefrom. . 

70. The apparatus of claim 66 wherein said diagnostic pattern 
includes a keratoscope pattern. 

. ■ J 71 - The apparatus of claim 66 wherein said diagnostic Pattern 
includes a circular checkerboard pattern consisting of concentric 
Sgh^and U daS GSS WitK radial lines "^ing alternating regions of 

72. The apparatus of claim 66 wherein said diagnostic pattern 
is a virtual image, F " 

73. A method of obtaining the topography of a patient's 
cornea comprising the steps of: 

diffusely illuminating the cornea with a first illumination 

■ -source?-; .• 

imaging said first illumination source from light rays 
reflected from the cornea; 

imaging the pupil .and iris of the cornea from light ravs 
passing through the cornea and thereafter reflecting off the iris • 

capturing a composite image of the iris with said first 
illumination source for outlining the pupil; and then 

_ illuminating the cornea with a second illumination source for 
projecting a keratoscope pattern onto the cornea; 

capturing an image of the keratoscope pattern from light rays 
reflected from the cornea; and 

^ . Prbcessing the ima^e of " the; keratoscope pattern for obtaining 
the topography of the surface of the cornea. 

. 74 * The method of claim 7 3 further comprising the steps of 
storing said composite image on a first video frame and storing 
said image of the keratoscope pattern on a second video frame. 

75. An apparatus for measuring the topography of a patient's 
cornea, comprising: 

ah optical System for pro j eeting to the cornea a diagnostic 
pattern of light and dark regions;'....:;: 

.. means for forming an image of said diagnostic pattern from 
light rays reflected from the cornea, wherein abnormalities in the 
shape of the cornea are observed in distortions in the reflected 
image of the diagnostic pattern; and 

means for processing the reflected image of said diagnostic 
pattern so as to obtain the topography of the surface of the 
cornea, said optical; system having a sufficiently, high f -number 
such that each of the light regions of .said diagnostic pattern 
substantially illuminates only a corresponding region on the 
cornea . 
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76. The apparatus of claim 75 wherein said diagnostic 
pattern is projected a distance behind the cornea. 

77. The apparatus of claim 75 wherein a real image of the 
diagnostic pattern is formed in front of the cornea from light 
reflected therefrom. 

-...•■/■ ,78. -The apparatus of claim 75 wherein said diagnostic pattern 
includes a keratoscope pattern. 

79. The apparatus of claim 75 wherein said diagnostic pattern 
includes a circular checkerboard pattern consisting of concentric 
light e and a dark^° SS Wlth rad±al lines navi »r alternating regions of 

80. The apparatus of claim 75 wherein said diagnostic pattern 
is a virtual image. 

81. The apparatus of claim 75 further including an aperture 
stop imaged approximately at the nominal center of curvature of thV 
cornea . . ■ ' ; 

82. The apparatus of claim 75 further including an exit pupil 
approximately satisfying the following condition: 



wherein L is the location of the exit pupil from the nominal image 
plane of the diagnostic pattern; C, and are positive constants, 
ana r is the base radius of curvature of the cornea. 

An apparatus for measuring the topography of a patient's 
30 cornea, comprising: 

an optical system for projecting to the cornea a diagnostic 
pattern of light and dark regions; . i 

' \ • \" m ? ans for forming an image of said diacThoi tic " pattern from 
t 9 ra 7 S reflecte d from the cornea, wherein abnormalities in the 
" sna pe of the cornea are observed in distortions in the reflected 
image of the diagnostic pattern; 

means for illuminating the cornea with a focusing beam; 
a position detector; 
An ■ means for imaging onto said position detedtor a portion of the 
40 focusing beam reflected off the cornea , said position detector 
generating a signal proportional to the position of the reflected 
focusing beam; and 

means for processing the reflected image of said diagnostic 
pattern so as to obtain the topography of the surface of the 
.*s>- cornea ♦ . 

, 8 . 4 - % e apparatus of claim 8 3 wherein said position detector 
is a linear position detector. 
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85. 



^85. The apparatus of claim 83 wherein said diagnostic 
pattern is projected; a distance behind the cornea. 

86. The apparatus of claim 83 wherein a real image of the 
diagnostic pattern is formed in front of the cornea from light 
reflected therefrom. y 

, , • 87 ' The apparatus of claim 83 wherein said diagnostic pattern 
includes a keratoscope pattern. 

88. The apparatus of claim 83 wherein -Said diagnostic pattern 
includes a circular checkerboard pattern consisting of concentric 
circles cut across with radial lines having alternating regions of 
light and dark. 

89. The apparatus of claim 83 wherein said diagnostic pattern 
is a virtual image. F 

. 90 • The apparatus of claim 83 wherein said optical system 

includes an aperture stop imaged approximately at the nominal 
center of curvature of the cornea. 

91 * The apparatus of claim 83 further: wherein said optical 
system includes an exit pupil approximately satisfying the 



25 following condition: 



wherein L is the location of the exit pupil from the nominal image 
plane of the diagnostic pattern; C, and R G are positive constants, 
and r is the base radius of curvature of the cornea. 
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